In this research, an infiltration trench equipped with an extensive pretreatment and filter bed consisting of woodchip, sand and gravel was utilized as a low impact development technique to manage stormwater runoff from a highly impervious road with particular emphasis on heavy metal removal. Findings revealed that the major factors influencing the removal of heavy metals were the concentration of the particulate matters and heavy metals in runoff, runoff volume and flow rates.
INTRODUCTION
Stormwater runoff in highly developed urban areas is known to be highly contaminated with significant concentrations of heavy metals that are hazardous to the aquatic ecosystem and public health (Shinya et al. ; Sansalone ; Kim et al. ; Brown & Peake ) . In densely populated urban areas where land availability is often the limitation, low impact development (LID) and green infrastructure (GI) such as bioretention, infiltration trench, rain garden, tree box filter, permeable pavement, constructed wetland, etc., have recently been adopted for the management of stormwater and contaminant discharge (Coffman ; Davis ) . These low mitigation techniques that depend on several hydrologic, physical, biological, and chemical processes capture stormwater runoff and retain contaminants onsite while simultaneously reducing runoff volume through storage and infiltration.
Although LID/GI practices provide contaminant reduction capabilities, the relative efficiency between practices for different contaminants vary. In addition, properly designed, constructed, and maintained facilities can effectively perform better. Given that a strong affinity between heavy metals and suspended solids exist (Hallberg et al. ; Kayhanian et al. ) . The LID/GI practices adopted to remove the total and particulate heavy metals are employed by means of sedimentation targeting the particulate matters and suspended solids. Filter-bed techniques that perform active filtration and adsorption were utilized for the removal of dissolved heavy metals (Geronimo et al. ; Reddy et al. ; LeFevre et al. ) .
The heavy metal reduction efficiency of a given LID/GI is based on a number of factors not only the physical, chemical, and/or biological processes that take place in the system but is also dependent upon a number of site-specific variables such as size, type, internal geometry, storage volume and design of the facility, geology and topography of the site; climate factors, heavy metal concentration in incoming stormwater, particle sizes of the influent, etc. In addition, the heavy metal reduction efficiencies for the same LID/ GI type and facility design can vary widely depending on the tributary land use and contributing drainage area, flow path (e.g. off-line design), incoming pollutant concentration, rainfall pattern, time of year, maintenance frequency and numerous other factors (Geronimo et al. ; ManiquizRedillas & Kim ) . Thus, the heavy metal removal performance of LIDs/GIs is difficult to interpret beyond generalities due to these various interrelated and complex parameters. Research focusing on in situ field studies become necessary to determine the actual factors governing heavy metal removal. Therefore, this research was conducted to understand the factors influencing the removal of heavy metals from urban stormwater runoff by means of using an infiltration trench as an LID/GI technique. In this research, the design elements for improving the LID/ GI systems to efficiently remove the heavy metals from stormwater runoff were also investigated.
MATERIALS AND METHODS

Site description
An infiltration trench (5 × 1 × 1.3 m) was developed to capture stormwater runoff from a 520 m 2 impervious road inside the Kongju National University campus in Cheonan City, northeast of South Chungcheong Province, Korea (36 W 51 0 1.11″N, 127 W 9 0 0.23″E). On average (mean ± standard deviation), the site received approximately 1,590 ± 550 mm of rainfall annually wherein 35% of that amount was captured by the infiltration trench as runoff. The estimated average annual runoff on the site was 251 ± 52 m 3 /yr. The greatest captured runoff was achieved during the summer months to early autumn from June to September (40%), while the lowest captured runoff occurred during the winter months of January, February and December that was between 20 and 30% of monthly precipitation.
The infiltration trench has unique processes that allow the capture and removal of heavy metals in runoff generated from the impervious road. The main treatment mechanism for heavy metal removal is the gravitational settling that occurs in the sedimentation chambers in the pretreatment and final effluent zones. In addition, filtration and adsorption mechanisms act in the system through the filter bed incorporated with sand, gravel or woodchip media (Figure 1 ). The surface area of the infiltration trench is only 1% of the catchment area, and the storage volume corresponds to almost 70% of the total volume of the infiltration trench.
Data collection and analyses
Influent and effluent runoff samples were collected at the inlet and outlet units of the infiltration trench utilizing a manual grab sampling during a total of 30 storm events monitored between May 2010 and November 2014. Selected hydrologic and hydraulic data including antecedent dry day (ADD), event rainfall depth, rainfall and runoff duration, rainfall intensity, runoff volume, flow rate, etc., were obtained in situ during each storm event.
Total suspended solids (TSS) were analyzed by filtration in standard 1.2 µm Whatman GF/C glass fiber filters, drying the residue between 103 and 105 W C (SJ-201DL drying oven by Sejong Scientific Co.) and weighing. Heavy metals (Cd, Zn, Pb, Fe, Cr, and Ni) were prepared by microwave oven digestion and filtration methods for total and dissolved heavy metals, respectively, and analyzed using sequential plasma spectrometer (ICPS-7510 by Shimadzu Co.). All the analyses of stormwater runoff samples were performed based on the standard test methods for the examination of water and wastewater (APHA/AWWA/WEF ).
In addition to water quality monitoring, collection of sediment in the pretreatment chamber was conducted simultaneously with the maintenance of the infiltration trench two to three times during the monitoring period (once every year typically at the end of summer or end of winter). Physico-chemical analyses were also performed to determine the particle size distributions and concentration of heavy metals in the sediment captured in the pretreatment chamber of the infiltration trench. 
RESULTS AND DISCUSSION
Summary of monitored storm events
About 80% of monitored storm events generated a rainfall depth of less than 10 mm corresponding to an average runoff coefficient of 0.55 denoting that about 55% of the total rainfall entered the facility as stormwater runoff. The average (median) duration of runoff and rainfall was 2 h, respectively. The average (mean ± standard deviation) rainfall intensity was 2.77 ± 3.67 mm/h. Runoff started an average of less than 30 min subsequent to rainfall and mean hydraulic retention time (HRT) was between 15 min and 2 h. Average runoff rates were measured between 1 and 115 m 3 /day. The peak flow rates in the inlet and outlet were significantly greater than the average flow rates. The peak flow rates were reduced to average flow rates in 60% and 80% of storm events at the inlet and outlet, respectively. The coefficients of variation for most hydrologic and hydraulic parameters were large, between 0.5 and 1.3 signifying the high uncertainties of these parameters during storms.
Heavy metal concentration
The mass balance (total ¼ particulate þ dissolved) of heavy metal event mean concentration (EMC) in the influent and effluent of the infiltration trench was characterized based on the TSS EMC ranging from less than 50 mg/L to greater than 900 mg/L (Figure 2 ). It was known that metal elements have a strong affinity to suspended solids in runoff (Ujevic et al. ; Maniquiz-Redillas & Kim ); thus, metal concentration seem to increase with increasing TSS concentration, also an indication that highly turbid runoff is most likely contaminated with metal elements. In the influent, it was observed that all the heavy metals were almost particulate-bound for TSS concentration less than 50 mg/L. The concentration of total heavy metals increased when the TSS concentration was increased to 100 mg/L; however, the concentration of total heavy
Figure 2 | Mass balance of heavy metal event mean concentration (EMC) with respect to various total suspended solids (TSS) EMC ranges at the influent (In) and effluent (Out). The stacked column represents the total heavy metal EMC, the summation of particulate and dissolved concentration denoted by 'P' and 'D', respectively. metals decreased with increasing TSS concentration less than 300 mg/L. But as the concentration of TSS was further increased from 300 to >900 mg/L, more dissolved heavy metals were detected especially for Cd, Ni, and Cu. The results signify that dissolved heavy metals were present during high intensity storms that could wash off more sediment from the paved surfaces. The study of Aryal & Lee () concluded that heavy metal contents increased with time of runoff despite decrease of SS concentration and indicate their enrichment in finer particles. Fe, Zn and Pb were mostly particulate-bound regardless of TSS range. The concentration of total heavy metals was higher in TSS range greater than 300 mg/L (with the exemption of Cr). Although the dissolved heavy metals were increased in >300 mg/L TSS range, the heavy metals were still mostly particulatebound. Furumai et al. () also identified that particulate-bound heavy metals such as Zn, Pb and Cu accounted for more significant pollutant loads than soluble fractions. In addition, it was concluded in their study that high TSS concentration contained coarser particle based on the results of particle size distribution analysis of runoff samples.
In the effluent, no trend or significant differences on the levels of total heavy metal concentration was observed in various TSS range; however, the highest concentration of total heavy metals were found on TSS concentration greater than 150 and less than 300 mg/L. The total heavy metal concentration in the effluent decreased significantly when the effluent TSS concentration was greater than 300 mg/L. Except for Fe and Zn, heavy metals seem to have less concentration in dissolved than particulate forms in the effluent, but it was found that the proportion of the dissolved heavy metal was increased in the effluent signifying that the particulate heavy metals were retained in the infiltration trench.
Hydrologic-hydraulic factors
Regression analyses were conducted to investigate the correlations and significance of hydrologic, hydraulic-related and other measured variables with the heavy metal load reduction efficiency (Table 1) .
The results showed that among the hydrologic and hydraulic parameters only the volume and duration of runoff appeared to influence the reduction efficiency of heavy metals in dissolved form (except Cu) although not very significantly. The negative slopes of the regression curves (not shown) signify that as more runoff volume with longer duration was captured, the heavy metal load reduction efficiency could be greatly decreased; hence, small runoff volume with short duration indicates higher reduction efficiency rates of dissolved heavy metals.
HRT was observed to be significant only in the reduction of Fe and Zn. Other parameters including ADD, hydraulic loading, total event rainfall, rainfall duration, time before runoff, average and peak runoff flow rate, runoff coefficient and ratio of runoff to rainfall duration were not significantly influencing the heavy metal load reduction efficiency.
Findings revealed that three important ratios have significantly influenced the reduction of both the dissolve and total heavy metal load which include the ratio of the effluent to the influent EMC (EMC OUT /EMC IN ), runoff volume (Vol OUT /Vol IN ), and average flow rate (Avgflow OUT / Avgflow IN ). As the ratio increased, the heavy metal load reduction efficiency was decreased; hence, lower ratios indicate high reduction efficiency rates. Peak flow ratio (Peakflow OUT /Peakflow IN ) was also a significant factor to most heavy metals but not very significant on the reduction of Cr, Ni and Pb. The average flow rate at the effluent showed to have low significance on the heavy metal load reduction efficiency. However, it is also important to note that reducing the flow rates at the outlet or discharge units could increase the load reduction efficiency of heavy metals. The ratio of runoff volume to the storage volume has low significance on the dissolved heavy metals but not on the total heavy metals.
It was evident that heavy metal load reduction efficiency increased significantly with respect to the reduction in the runoff volume and flow rates implying that the retention of heavy metals in the system depends primarily on the amount of volume stored or retained in the system. Thus, the relationship between the heavy metal load and runoff volume reduction was further explored as shown in Figure 3 . As can be seen, satisfactory heavy metal reduction was observed as the runoff volume was reduced. Median runoff reduction corresponded to more than 60% heavy metal load reduction. Higher reduction efficiency (greater than 50%) were observed for total heavy metals particularly Fe, Zn, Pb and Cu that appeared to be mostly particulatebound. Pb and Cu were better reduced compared to other heavy metals in dissolved form. Nevertheless, even if the entire runoff just passed through the system, considerable pollutant removal could also be attained between 20 and 40%, and 25 and 75% for dissolved and total heavy metals, respectively. The ranking of heavy metal reduction efficiency rates from greatest to least was as follows: Fe > Zn > Pb > Cu > Ni ≈ Cr > Cd and Pb ≈ Cu >Ni ≈ Fe ≈ Cd > Zn for AvgflowOUT, average flow in the outlet; PeakflowIN, peak flow in the inlet; PeakflowOUT, peak flow in the outlet; CoeffRUN, runoff coefficient; DurRUN/DurRAIN, ratio of runoff duration to rainfall duration; VolOUT/VolIN, ratio of effluent volume to influent volume; VolIN/VolSTO, ratio of influent volume to storage volume; AvgflowOUT/AvgflowIN, ratio of average flow in the outlet to the inlet; PeakflowOUT/PeakflowIN, ratio of peak flow in the outlet to the inlet; EMCOUT/EMCIN, ratio of event mean concentration in the outlet to the inlet.
total and dissolved heavy metals, respectively. In comparison with the study of Reddy et al. () that quantified the extent of removal of heavy metals based on sand as filter material, the ranking was Zn > Cu > Pb > Ni > Cr > Cd; but their study concluded that the heavy metals could be greatly reduced when other filter materials were used such as calcite, zeolite and iron filings.
Pretreatment and maintenance
Pretreatment was integrated into the design of the infiltration trench to mainly dissipate the energy of incoming runoff and receive the initially highly polluted 'first flush' runoff. In addition, filter media were employed in the pretreatment chamber to increase adsorption, in which ions and other molecules attach to binding sites on filter media particles that can aid in heavy metal removal (Davis et al. ) . Other studies have shown high heavy metal removal efficiency using different filter media or sorbent materials (Jang et al. ; GencFuhrman et al. ) . Figure 4 shows that the sediment accumulation rate varies depending on the type of media but not significantly different. It was found out that sediment was most highly attached on the surface area of woodchip with an average (mean ± standard deviation) of 13.4 ± 1.3 kg/m 2 -yr than to other filter media like sand, gravel and geotextile (5-8 kg/m 2 -yr). Based on the amount of sediment collected between two different periods: (a) summer to winter (wherein sediment was collected after the fall/winter season in March); and (b) winter to summer (wherein sediment was collected after the summer season in August); it was observed that the sediment accumulation also varies depending on the season. Sediment was highly accumulated from the summer to winter seasons. The sediment accumulation rate was increased by twofold in the first two media layers (i.e. geotextile and gravel) and almost 160% in the bottom media layer (i.e. sand). Geotextile layers have found to act as biofilm granular filters influencing the treatment of suspended solids in stormwater (Tota-Maharaj & Paul ). However, the sediment accumulation rate in the woodchip layer was not increased as much as the other media layer with only 15% change between the two collection periods. The results revealed that a greater amount of sediment was washed off by runoff and accumulated during the fall and winter seasons (period of leaf foliage and frost) than spring and summer seasons (wet-weather period).
The sediment trapped in the pretreatment chamber were also found to have high concentrations of heavy metals, particularly Zn (26.3 mg/kg) and Fe (14 mg/kg), while <5 mg/kg for other heavy metals including Cu, Cr, Cd and Pb ( Figure 5 ). Fine particles including <3% silt (diameter <0.07 mm) and about 86% sand with diameter of less than 2 mm and greater than 0.07 mm had the most significant amount of heavy metals. The concentration of particulate-bound metal elements such as Zn and Fe were dominant in fine to coarse sand particles between 0.075 and 4.8 mm in diameter and were insignificant in large particle size (>4.8 mm). Almost 20% of Cr, Cd, and Pb concentration were found in gravel size particles greater than 4.8 mm in diameter and more than 60% in particles greater than 0.43 mm. Among the metal elements, only Cu was observed to be highly present in very fine particles <0.07 mm and decreasing with increasing particle size. Previous research have highlighted that smaller grain size had higher metal contents and metal concentrations generally increase with decreasing particle size due to the large surface area of fine sediments and higher cation exchange capacity (Liebens ; Lee et al. ). It was likely that the particles related with heavy metal on the catchment area were washed off and carried by runoff and directed into the facility but controlled in the pretreatment chamber. In a study conducted by Fuerhacker et al. () on the treatment efficiency of a filter system equipped with layered filter media, greater than 60% of the Cu load was removed within the filter chambers, but >60% of Zn and TSS loads were removed in the sedimentation tank, oil separator and geotextile filter mainly due to filtration, precipitation and sorption to sediments.
The results indicate the importance of pretreatment in the reduction of heavy metals and the need for maintenance to properly dispose and remove the sediment and the associated pollutants that were attached to it. Maintenance is essential to the operation of LID/GIs. A poorly maintained, but still functional system will have significantly lower reduction efficiency rates. A deteriorated facility (e.g. sediment accumulation is not stabilized) will remove few pollutants and may actually contribute sediments to runoff. If the LID/GI facility is not maintained, eventually it will pass sediments through -or worse, large storms could wash accumulated sediments out of the facility. The infiltration trench in this study was routinely maintained and regularly checked for necessary renovation and repairs.
CONCLUSION AND RECOMMENDATION
In this research, an infiltration trench was utilized as an LID/GI technique to manage stormwater runoff from a highly impervious road with particular emphasis on heavy metal removal. Factors affecting the efficiency of the LID/ GI system for the reduction of heavy metals were investigated. Major findings are enumerated as follows:
1. All the heavy metals in the influent were dominantly particulate-bound for TSS concentration less than 50 mg/L. The concentration of total heavy metals was higher in TSS range greater than 300 mg/L. As the concentration of TSS was further increased, more dissolved heavy metals were detected especially for Cd, Ni, and Cu. Most heavy metals appeared to have more particulate than dissolved content. 2. The reduction of heavy metals depend primarily on the amount of volume stored or retained in the system. The heavy metal load reduction efficiency increased significantly with respect to the reduction in the runoff volume and flow rates. 3. The most important factors influencing heavy metal removal include the concentration of the particulate matters and heavy metals in runoff, runoff volume and flow rates. The reduction of dissolved heavy metals were also influenced by runoff volume and duration. 4. The reduction of heavy metals was enhanced by sedimentation of particulates (TSS) through pretreatment. Fine particles (<2 mm) had the most significant amount of heavy metals, thus, enhanced adsorption and filtration using various filter media were important design considerations. Sediment was most highly attached on the surface area of woodchip than to other filter media like sand, gravel and geotextile.
For proper application of LID/GI systems, the characteristics of the site must be greatly considered. Pretreatment is recommended when the site into which the LID/GI to be applied has high TSS concentration and rainfall intensity. It is recommended that maintenance is to be performed at least after the end of the winter season wherein high sediment rate was observed for the system to perform efficiently.
